The ultraviolet ͑uv͒ absorption spectra, representing transitions to all energy levels below 44 500 cm The excellent and consistent agreement between the experimental and calculated Stark levels in both crystals, together with the predicted sets of wave functions, are important for the ongoing analyses of intensity data and magneto-optical studies on these crystals.
The ultraviolet ͑uv͒ absorption spectra, representing transitions to all energy levels below 44 500 cm −1 of trivalent erbium ͑Er 3+ ͒, have been analyzed for the crystal-field splitting of the multiplet manifolds 2S+1 L J of Er 3+ ͑4f 11 ͒ in C 2 symmetry cation sites in single-crystal cubic Er 2 O 3 and Er 3+ :Y 2 O 3 . A solid solution, without a change in the local symmetry, exists between the two compounds, allowing us to identify the weaker transitions in Er 3+ :Y 2 O 3 from the stronger transitions observed in the uv spectrum of Er 2 O 3 . As a result, we have identified a complete set of energy ͑Stark͒ levels for the electronic configuration up to the absorption band-edge of these crystals. A total of 134 Stark levels representing 30 multiplets with energies as high as 44 500 cm −1 have been modeled using a parameterized Hamiltonian defined to operate within the Er 3+ ͑4f 11 ͒ electronic configuration. The crystal-field parameters were determined through use of a Monte Carlo method in which 14 independent crystal-field parameters, B q k , were given random starting values and optimized using standard least-squares fitting between calculated and experimental levels. 3 , respectively. The excellent and consistent agreement between the experimental and calculated Stark levels in both crystals, together with the predicted sets of wave functions, are important for the ongoing analyses of intensity data and magneto-optical studies on these crystals. © 2010 American Institute of Physics. ͓doi:10.1063/1.3465615͔
I. INTRODUCTION

Trivalent erbium ͑Er
3+ ͒ doped into cubic Y 2 O 3 is a laser material with optical features that play an important role in expanding photonic technology. [1] [2] [3] [4] [5] The more expensive single-crystal form obtained from boules of material grown at high temperature is being replaced by thin films and ceramic forms of Er 3+ :Y 2 O 3 that reduce material costs and possess physical characteristics more suitable for recent device applications. [6] [7] [8] [9] As a result, the need for a basic understanding of the optical, thermal, and mechanical properties of these newer forms of the host has generated recent investigations of these properties. [10] [11] [12] [13] In the present study, we focus on the spectroscopic properties of Er 3+ , and in particular, the energy levels of the 4f 11 20 and Kisliuk et al. 21 describe the experimental details and include figures representing the spectra that are the basis of the present analysis. Transitions to all levels ͑some represented by spectra that are very weak and broad͒ were assigned by comparing similar transitions from the stoichiometric to the dilute crystal. The number of the Stark level is given in column 2. The largest M J components to the Stark level wave functions are given in columns 3 and 7. The experimental and calculated Stark levels and their differences ͑in wavenumbers͒ are listed in columns 4-6 and 8-10, respectively for Er 2 O 3 and Er 3+ :Y 2 O 3 . Levels 1 through 59 represent the crystal-field splitting of isolated manifolds, and, as such, they are relatively easy to model for the crystal field. The only significant difference between our values and those of Kisliuk et al. 21 Stark levels is not surprising given that both crystals have the same crystalline cubic structure. In general, there are relatively small shifts in energy as we follow a given level from the dilute to the stoichiometric crystal. Furthermore, the levels reported in Table I show only relatively small shifts in energy, when compared with the same levels that have been determined for Er 3+ in the nanocrystalline and ceramic forms of these oxides. 8, 13 The similar cation size ͑Y 3+ ,Er 3+ ͒ in the bixbyite host and similar local symmetry, as well as the fact that the 4f 11 configuration is well shielded from the environment, accounts for this observation. For absorption bands having unresolved structure in the spectra, we have used deconvolution methods to identify the details of the structure associated with individual transitions. This approach was used in particular to determine the splitting between levels 7 and 8 ͑within the 4 I 15/2 manifold͒ and levels 41-43 ͑within the 4 F 7/2 manifold͒.
II. ENERGY LEVEL ASSIGNMENTS
For experimental Stark levels having energies above 27 000 cm −1 , ͑levels 60 through 134 in Table I͒ we observe some differences between our present analysis and the analyses reported earlier. 20, 21 We attribute this primarily to more sophisticated techniques in analyzing the weak, broad unresolved absorption spectra of overlapping manifolds. Where closely spaced multiplets are observed in energy, J-mixing of the Stark levels of these multiplets is important. The crystalfield wave functions, represented as a linear combination of M J states, contain contributions from these different multiplets. Consequently, we need to clarify the meaning of the 2S+1 L J multiplet label in column 1 in Table I 
III. MODELING THE ENERGY LEVEL STRUCTURE
The experimental Stark levels reported in Table I 
where H A is the "atomic" Hamiltonian defined to include all spherically symmetric interactions and H CF denotes the nonspherically-symmetric parts of the one-electron crystal field. The atomic Hamiltonian is given by,
where k =2,4,6; i =2,3,4,6,7,8; and j =0,2,4. All parameters and operators are defined according to standard practice 29, 30 with corrected values for the p k and m j operators. 31 Following standard practice only the M 0 and P 2 parameters have been allowed to vary, with the other M j and P k parameters held fixed according to Hartree-Fock determined ratios.
The crystal-field Hamiltonian is expressed, in Wybourne notation, 32 as,
Radially dependent parts of the one-electron crystal-field interactions are contained in the B q k crystal-field parameters, and the C q ͑k͒ represent many-electron spherical tensor operators acting within the 4f 11 electronic configuration. For ions in C 2 site symmetry, allowed k and q values for the nonzero B q k are k =2,4,6; q =0, Ϯ 2, ... , Ϯ k. The q = negative terms are related to the q = positive terms by the expression, B −q k‫ء‬ = ͑−1͒ k−q B q k , which for C 2 symmetry results in 15 nonzero crystal-field parameters, of which three are pure real: B 0 2 , B 0 4 , and B 0 6 . The remaining six are complex and expressed as B q k + iS q k with k =2,4,6 and q =2,4,6, with q Յ k. The C 2 axis in the crystal is chosen as the principle quantization axis. However, the x-axis of the crystal field quantization may be arbitrarily chosen in the plane perpendicular to the C 2 axis, allowing one of the 15 crystal-field parameters to be arbitrarily fixed. 33, 34 Standard convention sets the imaginary part of the rank 2 parameter, S 2 2 , equal to zero, leaving 14 independent crystal-field parameters.
Crystal-field energy level parameters were determined using a Monte Carlo method 35, 15 originally developed for intensity parametrizations. 36 For each calculation, the 14 crystal-field parameters are given random starting values between Ϫ1000 and +1000 cm −1 . The parameter values are then optimized using standard least-squares fitting between calculated and experimental energy levels. A sufficient number of calculations will find all local minima on the error surface of the parameter space, which allows determination of the best global minimum. The best solution obtained in fitting the 134 4f 11 Stark levels of Er 3+ in Er 2 O 3 was found approximately 11% of the time, and has a standard deviation was 5.55 cm −1 , corresponding to an rms error of 4.89 cm −1 . Similarly, the best solution for Er 3+ in Y 2 O 3 has a standard deviation of 5.08 cm −1 ͑rms error 4.47 cm −1 ͒ and was found approximately 12% of the time. The second-best fitting solution for both systems had a standard deviation greater than 11 cm −1 , more than double the standard deviation of the best solution. This indicates we can have a high degree of confidence that we have found the global minimum.
The rms deviation for each mutiplet manifold is given below each multiplet in Table I , and represents the fitting of both the atomic and crystal-field parameters which are listed in Table II. The two numerical columns of Table II value are given in parentheses. Setting the imaginary part of the rank 2 parameter, S 2 2 , equal to zero is insufficient to uniquely determine the remaining 14 crystal-field parameters. A rotation of 90º about the C 2 axis leaves the S 2 2 parameter equal to zero while changing the signs on all k =2,6 B q k and S q k parameters. Additionally, a rotation of 180º about the quantization x-axis changes all crystal-field parameters to their complex conjugate, which changes the sign on all S q k parameters. Thus, changing the sign on all k =2,6 crystal-field parameters and/or changing the sign on all imaginary crystal-field parameters results in four sets of numerical crystal-field parameters that yield identical calculated energy levels. The parameters presented in Table II represent one of these four indistinguishable parameter sets.
IV. SUMMARY
Electronic energy levels of Er 3+ ͑4f 11 ͒ associated with 30 multiplets with energies up to about 44 500 cm −1 have been analyzed in single crystals of Er 2 O 3 and Er 3+ in Y 2 O 3 . The experimental levels were obtained from a reanalysis of the spectroscopic data originally reported by Gruber et al. 20 and Kisliuk et al. 21 The levels were modeled using a parameterized Hamiltonian containing atomic and crystal-field terms defined to operate within the 4f 11 The excellent and consistent agreement between the calculated and experimental levels in both crystals, together with the resulting calculated crystal-field splitting wave functions, are useful in the interpretation of magneto-optical studies currently underway.
